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Abstract: The µνSSM is a supersymmetric standard model that accounts for light neu-
trino masses and solves the µ problem of the MSSM by simply using right-handed neutrino
superfields. Since this mechanism breaks R-parity, a peculiar structure for the mass matri-
ces is generated. The neutral Higgses are mixed with the right- and left-handed sneutrinos
producing 8×8 neutral scalar mass matrices. We analyse the Higgs sector of the µνSSM
in detail, with special emphasis in possible signals at colliders. After studying in general
the decays of the Higges, we focus on those processes that are genuine of the µνSSM, and
could serve to distinguish it form other supersymmetric models. In particular, we present
viable benchmark points for LHC searches. For example, we find decays of a MSSM-like
Higgs into two lightest neutralinos, with the latter decaying inside the detector leading to
displaced vertices, and producing final states with 4 and 8 b-jets plus missing energy. Final
states with leptons and missing energy are also found.
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1 Introduction
The µ from ν Supersymmetric Standard Model (µνSSM) [1–4], uses right-handed neutrino
superfield(s) to generate light neutrino masses and to solve the µ-problem [5] of the Minimal
Supersymmetric Standard Model (MSSM) [6]. Thus the µνSSM is a minimal model in the
sense that no extra singlet superfield has to be added to the spectrum for solving the µ
problem, as it is e.g. the case of the Next-to-MSSM (NMSSM) [7]. The spectrum and the
vacua of the µνSSM were studied in [8, 9].
The superpotential of the µνSSM contains, in addition to the usual Yukawas for quarks
and charged leptons, Yukawas for neutrinos Yν Hˆu Lˆ νˆ
c, terms of the type λ νˆcHˆdHˆu pro-
ducing an effective µ term through electroweak (EW)-scale right-handed sneutrino vacuum
expectation values (VEVs), and also terms of the type κ νˆcνˆcνˆc avoiding the existence of
a Goldstone boson and generating EW-scale effective Majorana masses for neutrinos, i.e.
giving rise to an EW-scale seesaw. Notice that, since only dimensionless trilinear couplings
are present in the superpotential of the model, the EW scale arises through the soft super-
symmetry (SUSY)-breaking terms in the scalar potential. Thus all known particle physics
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phenomenology can be reproduced in the µνSSM with only one scale. For example, ad
hoc high-energy scales in order to generate a GUT-scale seesaw are not needed. With the
EW-scale seesaw of this model, neutrino Yukawa couplings Yν of the order of 10
−6 (like
the electron Yukawa coupling) are sufficient to reproduce the correct neutrino masses. The
neutrino sector was studied in detail in [8–11], obtaining that current neutrino data (the
measured mass differences and mixing angles) can be easily reproduced.
The above terms in the superpotential produce the explicit breaking of R-parity in this
model. The size of the breaking can be easily understood realizing that in the limit where
Yν are vanishing, the νˆ
c are ordinary singlet superfields like the Sˆ of the NMSSM, without
any connection with neutrinos, and R-parity is therefore conserved. Once Yν are switched
on, the νˆc become right-handed neutrinos, and, as a consequence, R-parity is broken. Thus
the breaking is small because the EW-scale seesaw implies small values for Yν .
Concerning cosmological issues, dark matter and baryon asymmetry have been anal-
ysed in the model. Since the lightest supersymmetric particle (LSP) is not stable when
R-parity is broken, the neutralino [12] or the right-handed sneutrino [13], with very short
lifetimes, are no longer candidates for the dark matter of the Universe. Nevertheless, the
gravitino, present in the local SUSY version of the model, could be a good dark matter
candidate as discussed in [14], where its possible detection through the observation of a
monochromatic gamma-ray line in the Fermi satellite was also studied. In [15], the gener-
ation of the baryon asymmetry of the universe was analysed in detail in the context of the
µνSSM, with the interesting result that electroweak baryogenesis can be realized.
Summarizing, the µνSSM is a very well motivated and attractive model, and, as a
consequence, a complete study of possible signals at colliders is required. In this respect,
there are two main features that could help to distinguish the µνSSM from other SUSY
models. On the one hand, since the LSP is no longer stable due to the breaking of R-
parity, not all SUSY chains must yield missing energy events. In [10, 16, 17] the decays of
the lightest neutralino were discussed, as well as the correlations of the decay branching
ratios with the neutrino mixing angles. On the other hand, the breaking of R-parity also
generates a peculiar structure for the mass matrices. In particular, the presence of right
and left-handed sneutrino VEVs leads to mixing of the neutral Higgses with the sneutrinos
producing 8×8 neutral scalar mass matrices. This extended Higgs sector could be very
helpful for testing the µνSSM.
In this work we will continue the analysis of the Higgs sector of the model started
in [8], putting special emphasis in possible signals at colliders [16, 18]. In section 2 we will
briefly review the µνSSM, describing the superpotential and deriving the neutral scalar
potential. In section 3 we will analyze the Higgs sector. In particular, we will study
first the Higgs mixings, and second the possible Higgs decays taking place once a Higgs
particle is produced at colliders. Finally, we will discuss the LEP constraints. For that
we will compute the couplings of the Higgses with the Z boson, and the sum rules. In
section 4 we will concentrate on Higgs decays that are genuine of this model, and could
therefore serve to distinguish it from other SUSY models in certain regions of the parameter
space. We will present a sample of numerical examples of viable benchmark points for LHC
searches. For that, we will focus first our attention on the decays of a MSSM-like Higgs
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with a sizeable branching ratio into two lightest neutralinos. These neutralinos could decay
inside the detector leading to displaced vertices. This fact could be used to distinguish the
µνSSM from R-parity conserving models. Also, the product of the decays can be used
to distinguish it from other R-parity breaking models. Higgs-to-Higgs cascade decays will
also be studied, and we will discuss an interesting benchmark point with similar signals to
the NMSSM that could also serve to distinguish the µνSSM from other R-parity breaking
models. For completeness, we will discuss in section 5 the possibility that gravitino dark
matter in this model might alter the collider phenomenology through the decay channel
neutralino to gravitino-photon. We will see that this branching ratio turns out to be
negligible. Finally, the conclusions are left for section 6.
2 The µνSSM
The superpotential of the µνSSM is given by [1]:1
W = ǫab
(
Yuij Hˆ
b
u Qˆ
a
i uˆ
c
j + Ydij Hˆ
a
d Qˆ
b
i dˆ
c
j + Yeij Hˆ
a
d Lˆ
b
i eˆ
c
j + Yνij Hˆ
b
u Lˆ
a
i νˆ
c
j
)
− ǫabλi νˆci Hˆad Hˆbu +
1
3
κijkνˆ
c
i νˆ
c
j νˆ
c
k , (2.1)
where we take HˆTd = (Hˆ
0
d , Hˆ
−
d ), Hˆ
T
u = (Hˆ
+
u , Hˆ
0
u), Qˆ
T
i = (uˆi, dˆi), Lˆ
T
i = (νˆi, eˆi), i, j, k = 1, 2, 3
are family indices, a, b = 1, 2 are SU(2)L indices with ǫ12 = 1, and Y , λ, κ are dimensionless
matrices, a vector, and a totally symmetric tensor, respectively. In the following the
summation convention on repeated indices is implied.
Working in the framework of supergravity, the Lagrangian Lsoft is given by:
− Lsoft = m2Q˜ij Q˜
a
i
∗
Q˜aj +m
2
u˜cij
u˜ci
∗
u˜cj +m
2
d˜cij
d˜ci
∗
d˜cj +m
2
L˜ij
L˜ai
∗
L˜aj +m
2
e˜cij
e˜ci
∗
e˜cj
+m2Hd H
a
d
∗Had +m
2
Hu H
a
u
∗Hau +m
2
ν˜cij
ν˜ci
∗
ν˜cj
+ǫab
[
(AuYu)ij H
b
u Q˜
a
i u˜
c
j + (AdYd)ij H
a
d Q˜
b
i d˜
c
j + (AeYe)ij H
a
d L˜
b
i e˜
c
j
+ (AνYν)ij H
b
u L˜
a
i ν˜
c
j + c.c.
]
+
[
−ǫab(Aλλ)i ν˜ci HadHbu +
1
3
(Aκκ)ijk ν˜
c
i ν˜
c
j ν˜
c
k + c.c.
]
−1
2
(
M3 λ˜3 λ˜3 +M2 λ˜2 λ˜2 +M1 λ˜1 λ˜1 + c.c.
)
. (2.2)
In addition to terms from Lsoft, the tree-level neutral scalar potential receives the usual
D and F term contributions and is given by [1, 8]:
V 0 = Vsoft + VD + VF , (2.3)
where
Vsoft = m
2
Hd
H0dH
0∗
d +m
2
HuH
0
uH
0∗
u +m
2
L˜ij
ν˜i ν˜
∗
j +m
2
ν˜cij
ν˜ci ν˜
c∗
j
+
(
aνijH
0
uν˜iν˜
c
j − aλi ν˜ciH0dH0u +
1
3
aκijk ν˜
c
i ν˜
c
j ν˜
c
k + c.c.
)
, (2.4)
1Although we assume three families of right-handed neutrinos motivated by the Standard Model gener-
ation replication pattern, a different number of right-handed neutrinos can be used.
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with aνij ≡ (AνYν)ij , aλi ≡ (Aλλ)i, aκijk ≡ (Aκκ)ijk,
VD =
G2
8
(
ν˜iν˜
∗
i +H
0
dH
0∗
d −H0uH0∗u
)2
, (2.5)
with G2 ≡ g21 + g22 , and
VF = λjλ
∗
jH
0
dH
0∗
d H
0
uH
0∗
u + λiλ
∗
jH
0
dH
0∗
d ν˜
c
i ν˜
c∗
j + λiλ
∗
jH
0
uH
0∗
u ν˜
c
i ν˜
c∗
j + κijkκ
∗
ljmν˜
c
i ν˜
c∗
l ν˜
c
kν˜
c∗
m
−(κijkλ∗jH0∗d H0∗u ν˜ci ν˜ck − Yνijκ∗ljkH0uν˜iν˜c∗l ν˜c∗k + Yνijλ∗jH0∗d H0∗u H0uν˜i
+Y ∗νijλkH
0
d ν˜
c
kν˜
∗
i ν˜
c∗
j + c.c.)
+YνijY
∗
νik
H0uH
0∗
u ν˜
c
j ν˜
c∗
k + YνijY
∗
νlk
ν˜iν˜
∗
l ν˜
c
j ν˜
c∗
k + YνjiY
∗
νki
H0uH
0∗
u ν˜j ν˜
∗
k . (2.6)
Once the EW symmetry is spontaneously broken, the neutral scalars develop in general
the following VEVs:
〈H0d 〉 = vd , 〈H0u〉 = vu , 〈ν˜i〉 = νi , 〈ν˜ci 〉 = νci . (2.7)
In the following we will assume for simplicity that all parameters in the potential are real,
as well as the VEVs, i.e. that CP is conserved.2 As a consequence, the neutral CP-even
scalars are not mixed with the neutral CP-odd scalars.3
Let us now discuss in the next section the neutral Higgs sector of the model and
possible signals at colliders.
3 Higgs sector and decays
In this section we will analyse the mixings in the scalar (Higgs) sector of the µνSSM, and
we will also study the possible decay modes of Higgses once they are generated at colliders.
We will focus our attention on the novelties that this extended Higgs sector introduces
compared to Higgs sectors of other models, like e.g. the one of the NMSSM. Finally, we
will discuss the LEP constraints in the context of this model.
3.1 Higgs sector mixings
The presence of right and left-handed sneutrino VEVs in the µνSSM leads to mixing of
the neutral components of the Higgs doublets with the sneutrinos producing the 8 × 8
neutral scalar mass matrices for the CP-even and CP-odd states [8] that can be found in
appendix A, where we have defined as usual
H0u =
hu + iPu√
2
+ vu , H
0
d =
hd + iPd√
2
+ vd,
ν˜ci =
(ν˜ci )
R + i(ν˜ci )
I
√
2
+ νci , ν˜i =
(ν˜i)
R + i(ν˜i)
I
√
2
+ νi . (3.1)
2For an analysis of spontaneous CP violation, see [9].
3In general, all neutral scalars are mixed, and since all of them get VEVs, we will call them Higgses
throughout this work. To be more precise, we will use the term ‘Higgses’ for the mass eigenstates, and
‘Higgs doublets’ for HTd = (H
0
d ,H
−
d ), H
T
u = (H
+
u ,H
0
u).
– 4 –
J
H
E
P10(2011)020
Note that after rotating away the CP-odd would be Goldstone boson, we are left with
seven states. It is also worth noticing here that in the CP-even sector the 5 × 5 Higgs
doublets-right handed sneutrino submatrix is basically decoupled from the 3×3 left handed
sneutrino submatrix, since the mixing occurs only through terms proportional to νi or Yνij
in (A.7), (A.8) and (A.10). As discussed in [1], because of the contribution of the small
couplings Yν ∼ 10−6,−7 to the minimization conditions for the left-handed sneutrinos, their
VEVs turn out to be small ν ∼ 10−4,−5GeV. Then, all terms containing Yν or ν are
negligible compared to the rest of terms that are of the order of the EW scale. The same
decoupling between Higgs doublets-right handed sneutrinos and left-handed sneutrinos is
true for the CP-odd sector.
On the contrary, the mixing between Higgs doublets and right-handed sneutrinos is
not necessarily small. In the CP-even sector this is given by (A.5) and (A.6):
M2hd(eνci )R = −aλivu + 2λiλjvdν
c
j − 2λkκijkvuνcj − Yνjiλkνjνck − Yνjkλiνjνck , (3.2)
M2hu(eνci )R = −aλivd + aνjiνj + 2λiλjvuν
c
j − 2λkκilkvdνcl + 2Yνjkκilkνjνcl + 2YνjkYνjivuνck .
(3.3)
Neglecting terms proportional to Yνij , νi, using aλi = (Aλλ)i, and defining µ ≡ λjνcj , one
can write the above equations as
M2hd(eνci )R ≈ 2λiµvd − 2λkκijkvuν
c
j − vu(Aλλ)i , (3.4)
M2hu(eνci )R ≈ 2λiµvu − 2λkκilkvdν
c
l − vd(Aλλ)i . (3.5)
Let us now discuss how to suppress these mixings. This can be used to have very light
ν˜c-like Higgses avoiding collider constraints, but also, as we will discuss below, to have a
doublet-like Higgs as the lightest one being as heavy as possible. The simplest possibility
to suppress the mixings is that eqs. (3.4) and (3.5) vanish. Clearly, this can be obtained
with λi → 0. Another possibility is that the sum of the three terms in the above equations
vanishes. To simplify this analysis let us start with only one generation of right-handed
neutrinos. Then,
0 ≈ 2λµvu − 2λκvdνc − vdAλλ , (3.6)
0 ≈ 2λµvd − 2λκvuνc − vuAλλ , (3.7)
and after a rotation in the mass matrix we obtain the condition [8]
Aλ =
2µ
sin 2β
− 2κνc , (3.8)
similar to the one of the NMSSM (with νc → S) [19]. Following the same arguments as
above, in the CP-odd sector, and after a rotation in the mass-squared matrix to isolate the
Goldstone boson, we obtain the condition,
λ(Aλ − 2κνc)v = 0 , (3.9)
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implying λ → 0 or Aλ = 2κνc. The generalization of these results to three generations of
right-handed neutrinos is straightforward. In addition to the solution λi → 0, we obtain
Aλi =
2µ
sin 2β
− 2
λi
∑
j,k
κijkλjν
c
k , (3.10)
Aλi =
2
λi
∑
j,k
κijkλjν
c
k , (3.11)
for the CP-even and CP-odd sectors, respectively.
Nevertheless, although the above solutions for the decoupling of Higgs doublets and
right-handed sneutrinos can be used in general, they are sufficient but not necessary condi-
tions. As was shown in [8], there are regions of the parameter space where the off-diagonal
mixing terms of the neutral scalar mass matrices are smaller than the diagonal terms, and
then quite pure singlets can also be obtained. Actually, we will use this mechanism in
section 4 in order to search for interesting signals at colliders.
Let us finally emphasize that some of these conditions can be applied not only to
obtain a very light ν˜c-like lightest Higgs, as discussed above, but also to have the lightest
scalar as heavy as possible.4 Clearly this lightest scalar, for being as heavy as possible,
must be Higgs doublet-like, since the right- and left-handed sneutrinos can be as heavy
as we want. Thus to have it as heavy as possible the contamination with right-handed
sneutrinos should be small. For this to happen the right-handed sneutrinos must be very
heavy and/or the mixing should be small. Notice however that for the latter we cannot
use one of the conditions discussed above, λi → 0, since λi must be as large as possible to
saturate the upper bound on the lightest Higgs boson mass [8].
3.2 Decays
Here we will study possible decay modes of the Higgses in the µνSSM, pointing out novel
features with respect to the NMSSM/MSSM. The presence of new fields extending the
Higgs sector, and the fact that R-parity is not a symmetry of the model, give rise to new
decays, thus changing substantially the phenomenology.
First of all, the Higgs-to-Higgs cascade decays can be more complicated since more
Higgses are present in this model compared to the NMSSM. As discussed above, in the
µνSSM there are eight CP-even and seven CP-odd Higgses, while in the NMSSM there are
three CP-even and two CP-odd Higgses. The relevant couplings for Higgs-to-Higgs decays
in the µνSSM are written in appendix B, and the Feynman diagrams of all possible tree-
level decays of the Higgses are given in figures 1–4. In particular, for a CP-even (CP-odd)
decaying scalar we can see in figure 2 that the Feynman diagrams a and c (b) are crucial
to understand new decays with respect to the NMSSM ones. Note that the Feynman
diagram(s) b (a and c) in the figure is (are) present only if a source of CP violation is
taken into account.5
4Notice that the upper bound on the lightest Higgs boson mass for the µνSSM turns out to be similar
to the one of the NMSSM [8].
5In order to reduce the number of Feynman diagrams shown in the figure, we allow an abuse of notation
in the diagrams, since if CP is violated, CP-even and CP-odd Higgses mix together and the notation ceases
to make sense.
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Figure 1. Feynman diagrams of Higgs decay to fermions, with α = 1, . . . , 8, i = 1, 2, 3, a′, b′ =
1, . . . , 10, and a′′, b′′ = 1, . . . , 5. Replacing the decaying hα by a pseudoscalar Pα′ , with α
′ = 1, . . . , 7,
all the Feynman diagrams are valid.
Let us assume that we have enough energy to generate only one CP-even Higgs at a
collider, i.e., only one Higgs, h1, has mass below the threshold energy. Then the following
decay is possible:
h1 → 2 Standard Model fermions . (3.12)
In case that the second lightest Higgs, h2, can be generated, the following cascade decay
is possible if kinematically allowed:
h2 → 2h1 → 4 Standard Model fermions . (3.13)
If the third lightest Higgs, h3, can be generated, then if kinematically allowed we have the
possibility
h3 → 2h2 → 4h1 → 8 Standard Model fermions . (3.14)
The situation turns out to be more complicated if we take into account the decays to
scalars that are not the ones immediately below in mass. Also we have the possibility of
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Replacing the decaying hα by a pseudoscalar Pα′ , all the Feynman diagrams are valid. The index
convention is like in figure 1.
having light pseudoscalars entering in the game. In the µνSSM we have three/two (six/five
including left-handed sneutrinos) pseudoscalars more than in the MSSM/NMSSM case, and
they could be very light. Thus we may need to include the following decays (if kinematically
allowed) into the cascades:
hα → hβhγ , hα → Pβ′Pγ′ , Pα′ → Pβ′hγ , (3.15)
where α, β, γ = 1, . . . , 8 and α′, β′, γ′ = 1, . . . , 7.
In benchmark point 7 of section 4 we will study an example where these types of Higg-
to-Higgs cascade decays are present. Working with a MSSM-like CP even Higgs, hMSSM,
it will decay into bb¯ or through the cascades typical of the NMSSM, hMSSM → 2P → 2b2b¯,
in most of the cases. Nevertheless we will see that the following cascade is also possible:
hMSSM → 2h→ 4P → 4b4b¯. In benchmark point 8 we will see that hMSSM can decay with
the following relevant cascades: hMSSM → 2h1 → 4P1,2 → 4τ+4τ−, hMSSM → 2P3 → 2b2b¯,
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Figure 3. Feynman diagrams of Higgs decays to scalars and vectors (under Lorentz). Replacing
the decaying hα by a pseudoscalar Pα′ , all the Feynman diagrams are valid. The index convention
is like in figure 1.
Figure 4. Feynman diagrams of Higgs decays to vectors (under Lorentz). The index convention is
like in figure 1.
because for the singlet-like pseudoscalars P1,2 the decay into bb¯ is kinematically forbidden,
whereas for P3 it is allowed. These cascades are genuine of the µνSSM.
Another difference of the µνSSM compared to the NMSSM, that comes from the
breaking of R-parity, is that a very light lightest Higgs with the decays into bb¯ or τ+τ−
kinematically forbidden, could decay into two neutrinos νiνj at the tree-level. This possi-
bility is included in the Feynman diagram c of figure 1, due to the mixing of the MSSM
neutralinos and neutrinos. This decay takes place due to the presence of the superpotential
terms YνHˆuLˆνˆ
c. A Higgs with Hu composition can decay in this way because the light
neutrinos, that are mainly left-handed, have small right-handed neutrino νc components.
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Figure 5. Di-photon Higgs decay. Replacing the decaying hα by a pseudoscalar Pα′ , the Feynman
diagram is valid. The index convention is like in figure 1.
A Higgs with ν˜ component can decay to two neutrinos because the light neutrinos can have
respectively H˜u and ν
c components. Of special interest is the fact that a Higgs with ν˜c
composition can also decay into νiνj because the light neutrinos can have H˜u component, as
mentioned above, or through the κνˆci νˆ
c
j νˆ
c
k terms in the superpotential, taking into account
that left- and right-handed neutrinos mix together. However, since the neutrino Yukawa
couplings are small, it is difficult to compete with the usual 1-loop decay into photons
through the chargino loop process (see figure 5). Then, the usual constraints for very light
Higgses annihilating to photons [20] still apply.
Also we must take into account that, unless they are not kinematically allowed, new
decays to leptons are present, as can be deduced from the Feyman diagram d of figure 1,
since the charged leptons are mixed with the MSSM charginos. Then, a singlet-like Higgs
could decay to charged leptons through the λνˆcHˆuHˆd terms in the superpotential, due to
the chargino composition. The mixing of charged leptons with charginos also affects the
loop diagrams describing Higgs decaying into photons (figure 5) due to the contribution
from charged leptons running in the loop, since the charginos are contaminated with them.
Besides, a Higgs with ν˜ component can also decay into charged leptons through the YeHˆdLˆeˆ
c
term in the superpotential. Notice that it can also decay into two light neutrinos through
the contamination with H˜0u and ν
c in the Yukawa term YνHˆuLˆνˆ
c. For example, for the
benchmark point 2 shown in table 2 of section 4, the light singlet-like pseudoscalars P1,2,3
decay mainly into τ+τ− because of the small contamination with doublets.
An interesting situation that we will study in detail in section 4, occurs when a MSSM-
like CP even Higgs, hMSSM, has a sizeable branching ratio to two light neutralinos hMSSM →
χ˜0χ˜0. Since R-parity is broken, neutralinos can decay into a Higgs and a neutrino inside the
detector leading to displaced vertices. This possibility is included in the Feynman diagram
c of figure 1, due to the mixing of the MSSM neutralinos and neutrinos. Thus working with
light on-shell singlet-like pseudoscalars, cascades of the type hMSSM → χ˜0χ˜0 → 2P2ν →
2b2b¯2ν, leading to the final state 4 b-jets plus missing energy, will be present. If the decay
of the pseudoscalars into two b’s is kinematically forbidden, then they decay into τ+τ−
generating the following cascade: hMSSM → χ˜0χ˜0 → 2P2ν → 2τ+2τ−2ν. We will also
see that the final state 8 b-jets plus missing energy is possible in situations where singlet-
like scalars are produced by the decay of the neutralino, and they decay to pseudoscalars
– 10 –
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(a) (b) (c)
Figure 6. (a) Charged slepton decay. (b) Up squark decay. (c) Down squark decay. The index
convention is like in figures 1 and 2.
as shown in (3.15), hMSSM → χ˜0χ˜0 → 2h2ν → 4P2ν → 4b4b¯2ν. As mentioned above,
in benchmark point 8 of section 4, for the singlet-like pseudoscalars P1,2 the decay into
bb¯ is kinematically forbidden, whereas for P3 it is allowed, thus the following relevant
cascades can be produced: h4 → χ˜04χ˜04 → 2P1,22ν → 2τ+2τ−2ν, h4 → χ˜04χ˜04 → 2h1,2,32ν →
4P1,22ν → 4τ+4τ−2ν, h4 → χ˜04χ˜04 → 2P32ν → 2b2b¯2ν.
Displaced vertices are common signals of R-parity violating models and could help
to distinguish the µνSSM from the NMSSM. In addition, other R-parity breaking models
such as the BRpV [21] do not have singlets in the spectrum, and, as a consequence, the
above decays can be considered as genuine of the µνSSM. Note e.g. that in the BRpV,
if the lightest neutralino is lighter than the gauge bosons, only three-body processes are
available for its decay.
Regarding the charged Higgses, as was discussed in [8], they are mixed with the sleptons
opening the following possibility. As usual, a slepton can decay into a neutralino and a
lepton as shown in figure 6a. In a R-parity conserving model, if the neutralino is heavier
than the slepton the latter will be stable. However, when R-parity is broken, the left-
handed neutrinos mix with the neutralinos, and then the slepton decays into a lepton and
a light neutrino. Since the charged Higgses are mixed with the sleptons, they can also
decay in this way.
It is worth noticing here that, similarly to a slepton, a squark can decay into a quark and
a light neutrino. This can be deduced from figures 6b and 6c using again that neutrinos and
neutralinos mix together. Let us also mention that, as usual in R-parity breaking models,
the squarks or the sleptons can be the LSP6 without conflict with experimental bounds.
Whereas in the MSSM/NMSSM this would imply a stable charged particle incompatible
with these bounds, in the µνSSM the LSP decays.
In the next subsection we will study the couplings of the Higgses with the Z boson
and the sum rules in the µνSSM, discussing also the LEP constraints.
6In the following we will define the LSP as the lightest supersymmetric particle present in Lagrangian
when the neutrino Yukawas are set to zero. As usual in R-parity breaking models, the LSP is not really
well defined. For example, the lightest scalar with a singlet sneutrino composition can be lighter than the
lightest neutralino. Also the left-handed neutrinos are very light and are mixed with the MSSM neutralinos.
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Figure 7. Higgs-strahlung. The index convention is like in figure 1.
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Figure 8. The 95% confidence level upper bound on the ratio ξ2 = (ghZZ/g
SM
hZZ)
2 from [22]. The
dark and light shaded bands around the median expected line correspond to the 68% and 95%
probability bands. The horizontal line corresponds to the Standard Model coupling for Higgs boson
decays predicted by the Standard Model.
3.3 Couplings with the Z boson and sum rules
In the following we will discuss the LEP constraints, especially the ones coming from the
Higgs-strahlung process shown in figure 7. In the previous subsection we have discussed
Higgs-to-Higgs decays in the µνSSM (see eq. (3.15)). Thus a CP-even Higgs originated
through a Higgs-strahlung could decay in that way.
Let us remember that LEP data can be used to set lower bounds on the lightest
Higgs boson mass in non-standard models, as shown in figure 8 from [22]. In the ratio
ξ2 = (ghZZ/g
SM
hZZ)
2, ghZZ designates the non-standard hZZ coupling and g
SM
hZZ the same
coupling in the Standard Model. Whereas in figure 8, the Higgs boson is assumed to
decay into fermions and bosons according to the Standard Model, when BR(h → bb¯)
differs from the Standard Model one, the parameter in figure 8, ξ2, must be replaced by
ξ2 BR(h→ bb¯)/BRSM(h→ bb¯).
For the µνSSM for each Higgs we can define the couplings ξα, with α = 1, . . . , 8, given
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by
ξα = [vuS(u, α) + vdS(d, α) + νiS(Li, α)]/v , (3.16)
where S(u, α), S(d, α), S(Li, α) are the fraction composition of up-type Higgs doublet,
down-type Higgs doublet and left-handed sneutrinos of the hα neutral scalar mass eigen-
state. A sum over i = 1, 2, 3 is assumed in the last term, and v2 = v2u + v
2
d + νiνi.
If more than one Higgs with mass below 114GeV are present but they are degenerated,
we could define ξ2 = ξαξα, where the sum is over all Higgses below 114GeV, and still use
figure 8 for ξ2 BR(h→ bb¯)/BRSM(h→ bb¯).
Also with more than one Higgs below 114GeV with arbitrary masses, for each Higgs
these constraints can be used for the coupling ξ2αBR(hα → bb¯)/BRSM(h → bb¯). Notice
however that, given a value of ξ2αBR(hα → bb¯)/BRSM(h → bb¯), the corresponding lower
bound on the Higgs mass is a necessary but not sufficient condition to fulfil the LEP bounds.
Obviously, if the Higgs is mostly ν˜c-like the coupling goes to zero, and we could have
three very light Higgses avoiding the LEP constraints. From the above discussion we can
see that another way to avoid them would be to make BR(h→ bb¯) small.
However, in the general case a more involved analysis is necessary, since for example
more than 2b in the final state are possible. Let us remember that searches for h→ ΦΦ and
Φ→ bb¯ (where Φ is a CP-odd or CP-even Higgs) by OPAL [23] and DELPHI [24] impose
a strong constraint on the parameter space of the Standar Model. Once combined these
analyses, one obtains MH > 110GeV for ξ ∼ 1. Nevertheless, in models with more scalars
and pseudoscalars it is possible to obtain a larger number of bb¯, e.g. h3 → 2h2 → 4P1 →
4b4b¯. It seems therefore that a re-analysis of the LEP data, to take into account this well
motivated and complex phenomenology, would be interesting. Specially interesting would
be to re-analyse the well-known 2.3σ excess in the e+e− → Z + bb¯ channel in the LEP
data around 100GeV. In the context of the NMSSM, the consistency of the excess with
h→ PP decays was discussed in [25].
Searches for e+e− → hZ independent of the decay mode of the Higss by OPAL [26],
could also be important to exclude some regions of the parameter space.
Searches for h→ ΦΦ and Φ → gg, Φ → cc¯, Φ → τ+τ− by OPAL [27], and the recent
analysis of the Higgs decaying into four taus carried out in [28], must also be taken into
account. Nevertheless, the µνSSM requires a more detailed analysis than the one available
in the literature, since for instance a larger number of τ ′s in the final states is possible.
It is also worth mentioning that an on-shell or off-shell Z could decay into neutralinos,
with the three lightest neutralinos being very light and mainly composed by left-handed
neutrinos. The decay of the neutralinos χ˜0a with a = 4, . . . , 10 was discussed in [10, 16].
Invisible Z width constraints [29–31] must be applied.
Let us finally discuss the sum rules. For the ξα defined in eq. (3.16), one can obtain
the following sum rule:
8∑
α=1
ξ2α = 1 . (3.17)
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Notice that for the three ν˜-like Higgses the corresponding ξα can be neglected, and therefore
one can write
5∑
φ=1
ξ2φ ≈ 1 , (3.18)
where
ξφ ≈ [sin β S(u, φ) + cos β S(d, φ)] , (3.19)
with tanβ = vuvd defined as usual, since the νi are very small as discussed above.
Also another important sum rule, in analogy with the one discussed in [32], is valid:
8∑
α=1
ξ2αM
2
hα =M
2
max , (3.20)
where, neglecting terms with Yν and ν, Mmax is the upper bound on the lightest Higgs
mass studied in [8]
M2max =M
2
Z
(
cos2 2β +
2λiλi cos
2 θW
g22
sin2 2β
)
+ rad. corr. (3.21)
Using eqs. (3.17) and (3.20) one can deduce, as in the case of the NMSSM [33], that
M2h2 ≤
1
1− ξ21
(M2max − ξ21M2h1) , (3.22)
where h1 and h2 are the lightest and next-to-lightest Higgses.
Finally let us mention that a simple way to avoid current collider constraints is to
make the new Higgses very heavy, in such a way that the constraints apply only to the
first one, as we will see in benchmark point 6 presented in section 4. Then very interesting
signals could be expected from the Higgs cascade decays in experiments like LHC.
4 Signals at colliders
In the previous section we have tried to provide a general overview of the decays of the Hig-
gses of the µνSSM. In this section we will concentrate in those decays that are genuine of
this model, and could therefore serve to distinguish it from other SUSY models. For that,
we will focus first our attention on the decays of a MSSM-like Higgs with a mass about
114GeV (for being detectable in the near future), and with a sizeable branching ratio into
the two lightest neutralinos. These neutralinos could decay inside the detector leading to
displaced vertices. This fact can be used to distinguish the µνSSM from R-parity conserving
models such as the NMSSM. For example, as mentioned in subsection 3.2, the lightest neu-
tralino7 χ˜04’s can decay to an on-shell light singlet pseudoscalar (that subsequently decays
7In our convention, when we refer to ’neutralino’, we are excluding the three light left-handed neutrinos
χ˜01,2,3.
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to bb¯) and a neutrino, and therefore the decay hMSSM → χ˜04χ˜04 → 2P2ν → 2b2b¯2ν is genuine
of the µνSSM. In other R-parity breaking models such as the BRpV, there are no singlet
Higgses and a lightest neutralino lighter than gauge bosons could decay only through three-
body decay processes. However, we have to point out that since the final decay products
could be the same in both models, they may be difficult to distinguish experimentally.
We will also discuss an example where the Higg-to-Higgs cascade decays studied in
subsection 3.2 are relevant to distinguish the µνSSM from other SUSY models.
Following the above strategy, in this section we will present a sample of numerical
examples of viable benchmark points of interest for LHC searches. The study of the heavier
doublet-like Higgs, where the cascades described in subsection 3.2 could also be relevant,
is left for a future work.
Let us mention that for the computation we have used a spectrum generator for the
µνSSM (see [8] for a description8), linked with modified subroutines for the model, based
on the codes NMHdecay [34] and Spheno [35]. In particular, the modified subroutines
based on the code NMHdecay are used to compute the two-body decays of all Higgses
present in the µνSSM. We have also built a subroutine to compute the two-body decays of
neutralinos. The modified subroutines based on the code Spheno are used to compute the
three-body decays of neutralinos.
We have searched for points of the parameter space that are safe from exclusion by cur-
rent collider constraints but that could be detected in the near future at LHC. Nevertheless,
a full analysis of these points in the light of LEP and TEVATRON is beyond the scope of
this paper and then it is not possible to totally guarantee that all of them satisfy all exper-
imental constraints. In any case, if any of the benchmark points provided here is not com-
pletely safe from experimental constraints, it would be in the border and with small vari-
ations in the values of the parameters could be driven to the allowed experimental region.
Below we give a list with all the constraints that we are imposing on the points ana-
lyzed. Some of them have already been discussed in subsection 3.3.
First, all points are true minima of the neutral scalar potential. We have checked
that tachyons do not appear and that the couplings fulfil Landau pole constraints at the
GUT scale.
We have verified that all points satisfy the following 3σ neutrino sector con-
straints [36, 37],
7.14 < ∆m2sol/10
−5 eV2 < 8.19 , 2.06 < ∆m2atm/10
−3 eV2 < 2.81
0.263 < sin2 θ12 < 0.375 , sin
2 θ13 < 0.046 , 0.331 < sin
2 θ23 < 0.644 (4.1)
We have guaranteed that current limits on sparticle masses with R-parity conserved
are satisfied, excluding points with charged Higgs/sleptons, charginos, squarks and gluinos
too light [38, 39]. We are being conservative, since strictly speaking these limits apply only
to R-parity conserving models.
8In this version we have included one-loop corrections to neutrino masses (in general to neutralinos).
These corrections have been computed in [11].
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In the neutral Higgs sector we have checked the constraints on the reduced couplings
× branching ratios in terms of the masses, for all the CP-even and CP-odd scalars, in the
following channels analysed at LEP:
1. For e+e− → hZ with the following decays of h,
• h→ invisible [40, 41]. Here we are assuming as invisible the light neutrinos. A
more elaborated analysis requires a re-analysis of LEP data, taking into account
for instance that neutralinos could partially contribute to the missing energy
when the decay distance is comparable to the size of the detector. We have
checked that in the points where the decay length of the lightest neutralino is
considerably greater than O(1 m), considering also the LSP as invisible, the
constraint is satisfied.
• h→ γγ, from LEP Higgs working group results [20].
• h→ bb¯, from the LEP Higgs working group [22].
• h to two jets, from OPAL and the LEP Higgs working group, both at
LEP2 [42, 43].
• h→ τ+τ−, from the LEP Higgs working group [22].
• h → PP with PP decaying to 4 jets, 2 jets + cc, 2 jets + τ+τ−, 4 τ ′s, cccc,
ττ + cc, from OPAL results [27].
2. For e+e− → hP with hP decaying into 4 b, 4 τ , and PPP → 6b studied by DEL-
PHI [24].
3. For e+e− → hZ → PPZ → 4b+ 2jets the DELPHI constraints [24].
4. For e+e− → hZ independent of h decay mode, combining the results of ALEPH and
OPAL collaborations [22, 40].
On the other hand, as discussed in detail in [8], using the eight minimization conditions
for the neutral scalar potential we have solved the soft masses mHu , mHd , mL˜i and mν˜ci
in terms of tan β, νci , νi, and we have used the fact that νi are very small in order to
define tan β ≈ vuvd and v2 ≈ v2u + v2d, as usual. For simplicity, to perform the numerical
analysis we have assumed a diagonal structure of the parameters in flavour space. We
have also assumed universality for most of the parameters. In the case of the neutrino
parameters this is not possible, since we need at least two generations with different Yνi
and νi in order to guarantee the correct hierarchy of neutrino masses. Besides, an exact
universality of the other parameters would produce degenerations in the spectrum. Since
we are working with low-energy parameters, the presence of exact universality after the
running from higher scales seems to be extremely unlikely. To avoid this artificial situation,
but still maintaining the simplicity of using universal parameters in the computation, we
have slightly broken the universality in the diagonal entries of the κ tensor. On the other
hand, in the case of the trilinear terms we take all of them proportional to the corresponding
Yukawa couplings.
– 16 –
J
H
E
P10(2011)020
To summarize, the independent low-energy free parameters that we are varying in our
analysis are,
λi = λ, tan β, κiii, ν
c
i = ν
c, ν1, ν2 = ν3, Yν1, Yν2 = Yν3, Aλ, Aκ, M2, (4.2)
where for M1 and M3 we are assuming a relation that mimics the one coming from unifica-
tion at the GUT scale,M1 =
α2
1
α2
2
M2,M3 =
α2
3
α2
2
M2, impliyingM1 ≈ 0.5M2,M3 = 2.7M2. In
addition we have fixed the following soft parameters as, mQ˜ = 1000GeV, mu˜ = 1000GeV,
md˜ = 1000GeV, me˜ = 1000GeV, Ae = 1000GeV, Au = 2400GeV, Ad = 1000GeV,
Aν = −1000GeV. Let us remark, nevertheless, that we have varied the value of Au for
certain points, since it is relevant for the 1-loop corrections to the mass of the Standard
Model Higgs.
For the values of the parameters that we will use in the benchmark points below, it is
possible to show [8] using appendix A that the mixing between the Higgses and the right-
handed sneutrinos is of the order of aλivu = Aλλvu, and therefore small compared with
the relevant diagonal terms λiλjν
c
i ν
c
j = 9λ
2(νc)2. Thus the Higgs doublets are basically
decoupled from the right-handed sneutrinos. Note also that the right-handed neutrino
masses are given by a value that can be approximated as 2κiiiν
c [8].
Taking all the above into account, let us discuss now eight interesting benchmark
points for collider physics. For the first three points that we will consider, the lightest
neutralino χ˜04 is mainly a right-handed neutrino, since we take the value of 2κiiiν
c small
compared to the soft gaugino mass M2 and Higgsino masses µ = λiν
c
i . This composition
of the LSP is genuine of the µνSSM and hence, very interesting to study. The other right-
handed neutrino-like neutralinos χ˜05,6 are slightly heavier than χ˜
0
4, and once produced in the
decay of a Higgs, they decay rapidly to χ˜04 through 3-body processes such as χ˜
0
5,6 → χ˜04qq¯
or χ˜05,6 → χ˜04ll¯.
On the other hand, for benchmark points 4, 5 and 6, the lightest neutralino χ˜04 is
MSSM-like. For example, taking small enough values forM2 one can have a MSSM lightest
neutralino almost bino-like. The right-handed neutrino-like neutralinos χ˜05,6,7 also decay
through three-body processes to the lightest one and quarks/leptons very promptly.
Thus, additional quarks or leptons are present in the cascades due to the decays of the
right-handed neutrino-like neutralinos into the lightest one.
Finally, in benchmark points 7 and 8 we work again with the lightest neutralino as a
right-handed neutrino, although for benchmark point 7 it does not play an important role
in the Higgs cascades and only Higgs-to-Higgs cascade decays are relevant.
Let us also remark that for all the eight benchmark points, Aκ is chosen small for having
light pseudoscalars, since its contribution is the dominant one in the diagonal element of
the mass matrix. In this way the neutralino can decay into a light pseudoscalar and a
neutrino through two-body processes. Since we have light singlets, we are also choosing for
simplicity small values of tan β in order to be able to fulfill LEP constraints more easily.
Benchmark point 1 is presented in table 1. There we only show the relevant masses
and branching ratios for our discussion. The masses of the heavier doublet-like Higgs and
left-handed sneutrinos (both scalars or pseudoscalars) are larger than the ones shown, and
we do not study the decays of such Higgses. Neither the heavier MSSM-like neutralinos
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λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.0 × 10−1 2.1× 10−2 1.9× 10−2 1.7× 10−2 -5.0 −1.7× 103
tanβ Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
3.9 1.0× 103 2.61× 10−5 1.31× 10−4 5.56 × 10−8 2.66×10−7
νc (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1 (GeV)
1.0× 103 27.9 33.3 37.9 118.8 12.2
mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV) —
13.8 20.3 34.4 38.4 42.5 —
BR
`
h4→
P6
i,j=4χ˜
0
i χ˜
0
j
´
BR
`
χ˜04→
P3
i=1Piν
´
BR
`
χ˜04→h1ν
´
BR
`
h1→
P3
i,j=1PiPj
´
BR(P1,2,3)→bb¯ lχ˜0
4
→
(cm)
0.04 0.67 0.33 0.89 0.93 23
Table 1. Relevant input parameters, masses and branching ratios of benchmark point 1.
χ˜07,8,9,10 play any role on our discussion. In this benchmark point a doublet-like Higgs with
mass mh4 = 118.8GeV can decay into two neutralinos with masses mχ˜0 ≈ 34 − 42GeV,
and with a branching ratio of 4%. The lightest neutralino can decay through a two-body
decay process to a scalar/pseudoscalar and a neutrino. Note that the branching ratios of
the decays of neutralinos are referred only to two-body processes, while the decay lengths
shown in the tables take into account two- and three-body processes.
The decay into a pseudoscalar P1,2,3 and a neutrino takes place in 67% of the cases.
These pseudoscalars are mainly decaying into bb¯ and a displaced vertex could be detected
since the decay length of the lightest neutralino is 23 cm. Besides the cascade h4 →
χ˜0χ˜0 → 2P2ν → 2b2b¯2ν, the lightest neutralino could also decay to a CP-even singlet and
a neutrino in 33% of the cases, with the CP-even Higgs decaying into two pseudoscalars.
Then, the following cascade is also relevant: h4 → χ˜0χ˜0 → 2h2ν → 4P2ν → 4b4b¯2ν,
leading to 8 b-jets plus missing energy with a displaced vertex.
Benchmark point 2 is given in table 2. In this case the decay of the Standard Model
Higgs with a mass mh4 = 116.2 GeV into neutralinos is enhanced to 12%, since neutralino
masses are smaller than in benchmark point 1 due to the smaller value of 2κiiiν
c. Besides,
the decay of the lightest neutralino into CP-even Higgses is kinematically forbidden.
Notice also that in this case the decay of the pseudoscalars into two b’s is kinematically
forbidden and then they decay into τ+τ−. Summarizing, the following cascade leading to
a displaced vertex takes place: h4 → χ˜0χ˜0 → 2P2ν → 2τ+2τ−2ν. The decay length of the
neutralino χ˜04 is 1.89 m.
Benchmark point 3 is given in table 3. A doublet-like Higgs with massmh4 = 116.6GeV
can decay into two neutralinos with masses mχ˜0 ≈ 47− 50GeV in 0.5% of the cases, with
the interesting cascade h4 → χ˜0χ˜0 → 2P2ν → 2b2b¯2ν. The decay length of the lightest
neutralino χ˜04 is 12 cm.
Let us finally remark that, as expected, we have observed that increasing the mass
of the lightest neutralino, its decay length is reduced. On the other hand, reducing the
mass of the light pseudoscalars a few GeV, the decay into two b’s can be kinematically
forbidden, producing a dominant decay to leptons. Also it is possible to decrease the mass
of the Higgs to values about 100 GeV, and then have a Higgs scenario in the line of the
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λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.0× 10−1 7.7× 10−3 7.5× 10−3 7.3× 10−3 -1.0 −1.7× 103
tan β Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
3.7 1.0× 103 2.92× 10−5 1.46× 10−4 2.70× 10−8 1.51×10−7
νc (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1 (GeV)
8.0× 102 13.6 13.9 17.0 116.2 8.4
mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV) —
9.5 9.6 11.8 12.2 14.0 —
BR
`
h4→
P6
i,j=4 χ˜
0
i χ˜
0
j
´
BR
`
χ˜04→
P3
i=1 Piν
´
BR(P1→τ
+τ−)BR(P2→τ
+τ−)BR(P3→τ
+τ−) lχ˜0
4
→
(cm)
0.12 1.0 0.89 0.83 0.82 189
Table 2. Relevant input parameters, masses and branching ratios of benchmark point 2.
λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.0× 10−1 3.1× 10−2 3.0 × 10−2 2.9× 10−2 -1.0 −1.7× 103
tan β Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
3.7 1.0× 103 3.04 × 10−5 1.18× 10−4 5.10 × 10−8 2.95 × 10−7
νc (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1 (GeV)
8.0× 102 46.0 47.9 49.5 116.6 14.6
mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV) —
14.8 16.6 46.7 48.4 50.3 —
BR(h4 →
P6
i,j=4 χ˜
0
i χ˜
0
j )BR(χ˜
0
4 →
P3
i=1 Piν)BR(P1,2,3 → bb¯) lχ˜04→ (cm) — —
0.005 1.0 0.93 12 — —
Table 3. Relevant input parameters, masses and branching ratios of benchmark point 3.
work [25], escaping the large fine-tuning and little hierarchy problems. We would also like
to point out that, as was shown in [8], modifying the value of λ, it is possible to increase
the mass of the MSSM-like Higgs up to about 140 GeV.
The input parameters of the benchmark point 4, presented in table 4, are similar
to those of the benchmark point 3, except for the fact that we are decreasing the soft
gaugino mass M2, and therefore generating a MSSM-like lightest neutralino (almost bino-
like). Thus the production through the Standard Model-like Higgs decay is increased to
42%. Notice that while in the previous benchmark points only three neutralinos χ˜04,5,6 have
masses below half of the mass of the Standard Model Higgs h4, here four neutralinos χ˜
0
4,5,6,7
fulfill that condition. The lightest neutralino has a decay length of 1.65 m and decays into
a pseudoscalar P1,2,3 and a neutrino, with the pseudoscalar decaying 93% of the cases into
two b’s. In this case, the production of b’s described through the cascade decays of the
Standard Model Higgs, leading to displaced vertices, h4 → χ˜0χ˜0 → 2P2ν → 2b2b¯2ν, is very
enhanced and competes with a similar branching ratio for the direct decay of the Standard
Model Higgs into two b’s.
Benchmark point 5 is given in table 5. It is very similar to benchmark point 4, but
reducing the trilinear soft term Au, that is important for the 1-loop corrections to the mass
of the Higgs, we can decrease the Standard Model Higgs mass to mh4 ∼ 112.8 GeV. LEP
constraints are still satisfied since the branching ratio of h4 into two b’s is dramatically
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λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.0× 10−1 3.6× 10−2 3.5 × 10−2 3.4× 10−2 -1.0 −1.0× 102
tan β Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
3.7 1.0× 103 4.11 × 10−6 1.59× 10−5 4.89 × 10−8 3.27 × 10−7
νc (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1 (GeV)
8.0× 102 53.7 55.7 57.4 119.7 15.5
mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV) mχ˜0
7
(GeV)
15.7 17.9 51.8 54.8 56.6 58.9
BR(h4 →
P7
i,j=4 χ˜
0
i χ˜
0
j )BR(χ˜
0
4 →
P3
i=1 Piν)BR(P1,2,3 → bb¯) lχ˜0
4
→
(cm) — —
0.42 1.0 0.93 165 — —
Table 4. Relevant input parameters, masses and branching ratios of benchmark point 4.
λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.0× 10−1 3.6× 10−2 3.5× 10−2 3.4× 10−2 -1.0 −1.0× 102
tan β Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
3.7 1.0× 103 4.11× 10−6 1.59× 10−5 4.89 × 10−8 3.27× 10−7
νc (GeV) Au (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV)
8.0× 102 1.2× 103 53.3 55.6 57.4 112.8
mP1 (GeV) mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV)
15.4 15.6 17.8 51.7 54.8 56.5
mχ˜0
7
(GeV)BR(h4 →
P
7
i,j=4 χ˜
0
i χ˜
0
j)BR(χ˜
0
4 →
P
3
i=1 Piν)BR(P1,2,3 → bb¯) lχ˜0
4
→
(cm) —
58.9 0.30 1.0 0.93 164 —
Table 5. Relevant input parameters, masses and branching ratios of benchmark point 5.
reduced in favour of the branching ratio to neutralinos. We have checked that in this case,
the process h4 → χ˜0χ˜0 → 2P2ν → 2b2b¯2ν satisfies the 4b’s LEP constraint. We have also
checked that the invisible Higgs constraint is satisfied even if we consider the lightest neu-
tralino as invisible. Nevertheless, a more involved analysis of LEP data would be necessary
regarding this point, to take into account the missing energy carried by the neutrinos.
Benchmark point 6 is presented in table 6. In this case, the spectrum is heavier, with
all CP-even singlet scalars above 114 GeV , and with h1 being the Standard Model Higgs.
The pseudoscalars are also considerably heavier than in the other benchmark points. This
case is similar to the usual ones of the MSSM. The small difference comes from the fact
that the Standard Model Higgs would decay in a significant ratio of 2% to neutralinos
leading to displaced vertices. The lightest neutralino, MSSM-like, will have two-body
decays kinematically forbidden and will decay only through three-body processes with a
decay length of 5.33 m. In table 6 we show the branching ratios to the following decay
products (with a notation neglecting the mixings): νll, lqq¯, νqq¯, 3ν.
Benchmark point 7 is presented in table 7. In this case, the universality assumption
has been broken also for the λi parameters in order to favour the decay of h4 to two
singlet-like scalars h1. Now the neutralino does not play an important role in the cascade
decays of the Higgs, since the branching ratio of h4 into two neutralinos is very suppressed.
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λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.12× 10−1 7.12× 10−2 7.11× 10−2 7.10× 10−2 -18 −1.0× 102
tanβ Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
3.7 1.0× 103 7.21× 10−7 1.04× 10−7 6.66× 10−8 4.53× 10−7
νc (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1 (GeV)
8.47× 102 113.7 115.1 115.3 118.9 57.8
mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV) mχ˜0
7
(GeV)
57.9 61.3 52.1 114.2 120.2 120.4
BR(h1 → χ˜04χ˜04) BR(χ˜04 → lqq¯) BR(χ˜04 → νll¯) BR(χ˜04 → νqq¯) BR(χ˜04 → 3ν) lχ˜0
4
→
(cm)
0.02 0.52 0.28 0.15 0.05 533
Table 6. Relevant input parameters, masses and branching ratios of benchmark point 6.
λ1,2 λ3 tan β Aλ (GeV) Aκ (GeV) M2 (GeV)
1.0× 10−2 2.8× 10−1 3.7 1.0× 103 -1 −5.88×103
κ111 κ222 κ333 Yν1 Yν2 Yν3
7.12 × 10−2 6.95 × 10−2 3.15× 10−2 8.58× 10−8 2.42 × 10−7 2.13×10−6
ν1 (GeV) ν2 (GeV) ν3 (GeV) ν
c (GeV) —
1.19 × 10−4 1.71 × 10−4 4.72× 10−7 8.0× 102 —
mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1,2 (GeV) mP3 (GeV)
47.9 110.9 113.6 119.6 14.0 25.7
mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6,7
(GeV) — — —
53.9 111.2 113.9 — — —
BR
`
h4→h1h1
´
BR
`
h1→
P3
i,j=1 PiPj
´
BR(Pi→bb¯) BR
`
h4→
P3
i,j=1 PiPj
´
BR(h4→bb¯) —
0.04 0.97 0.93 0.39 0.40 —
Table 7. Relevant input parameters, masses and branching ratios of benchmark point 7.
This is due to the fact that the only kinematically-allowed decay of Higgs to neutralinos is
h4 → χ˜04χ04, and χ˜04 is a quite pure right-handed neutrino-like. As a consequence, displaced
vertices are not expected for this benchmark point. The MSSM-like Higgs with a mass
mh4 = 119.6GeV will have the typical decay of the MSSM into bb¯ or the typical cascades
of the NMSSM, h4 → 2P → 2b2b¯, in most of the cases. Besides, the decay of the Higgs
h4 into two CP-even singlet-like Higgses with a branching ratio of 4% is also possible.
Thus the following cascade is relevant h4 → 2h1 → 4P → 4b4b¯. These cascades serve
to distinguish the µνSSM from other R-parity violating models. Besides, once a SUSY
particle is produced at the collider, decaying into the LSP, the displaced vertex could allow
to distinguish the µνSSM from the NMSSM.
Finally, let us discuss benchmark point 8 shown in table 8, where we work again with
a right-handed neutrino-like lightest neutralino. The main feature of this case is that,
whereas for the singlet-like pseudoscalars P1,2 the decay into bb¯ is kinematically forbidden,
for P3 it is allowed. Then, several cascade decays are expected. The MSSM-like Higgs,
h4, has a mass of 120.2 GeV. Apart from the typical decay of the MSSM, h4 → bb¯, it
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λ κ111 κ222 κ333 Aκ (GeV) M2 (GeV)
1.0× 10−1 1.66× 10−2 1.65× 10−2 1.64× 10−2 -5.0 −1.7× 103
tanβ Aλ (GeV) ν1 (GeV) ν2,3(GeV) Yν1 Yν2,3
4.9 1.0× 103 5.84× 10−5 2.25× 10−4 1.25 × 10−7 2.26× 10−7
νc (GeV) mh1 (GeV) mh2 (GeV) mh3 (GeV) mh4 (GeV) mP1 (GeV)
8.0× 102 19.8 21.6 21.8 120.2 8.8
mP2 (GeV) mP3 (GeV) mχ˜0
4
(GeV) mχ˜0
5
(GeV) mχ˜0
6
(GeV) —
8.9 16.9 26.3 26.5 27.8 —
BR(h4→h1h1) BR(h4→P3P3) BR(h4→
P6
i,j=4χ˜
0
i χ˜
0
j ) BR(h4→bb¯) BR(h1→
P2
i,j=1 PiPj) BR(h2,3→
P2
i,j=1PiPj)
0.05 0.12 0.06 0.55 0.98 1.0
BR(P1,2→τ+τ−) BR(P3→bb¯) BR(χ˜04→
P
3
i=1 hiν) BR(˜χ
0
4
→P1,2ν) BR(χ˜04→P3ν) lχ˜0
4
(cm)
0.88 0.93 0.51 0.33 0.16 15
Table 8. Relevant input parameters, masses and branching ratios of benchmark point 8.
can also decay without leading to displaced vertices with the following relevant cascades:
h4 → 2h1 → 4P1,2 → 4τ+4τ−, h4 → 2P3 → 2b2b¯. This signal could be considered as
genuine of the µνSSM. The MSSM-like Higgs can also decay into neutralinos in 6% of
the cases leading to the following relevant cascades, where displaced vertices and missing
energy are expected: h4 → χ˜04χ˜04 → 2P1,22ν → 2τ+2τ−2ν, h4 → χ˜04χ˜04 → 2h1,2,32ν →
4P1,22ν → 4τ+4τ−2ν, h4 → χ˜04χ˜04 → 2P32ν → 2b2b¯2ν. This benchmark point shows how
extremely characteristic signals could be expected in certain regions of the parameter space
of the µνSSM.
Let us finally discuss in more detail the detectability of these signals at the LHC. For
that we need to study first the production cross section of the Higgs in the context of the
µνSSM. It is well known that gluon fusion and b-quark fusion are the two main production
processes of a Higgs at the LHC in the context of SUSY. Gluon fusion dominates over
b-quark fusion in our benchmark points, as can be shown using the relevant equations [44]:
σ(gg → h4) = σ(gg → HSM) Γ(h4 → gg)
Γ(HSM → gg) ≃ σ(gg → HSM) , (4.3)
σ(bb¯→ h4) = σ(bb¯→ HSM)
(
Ybbh4
YbbHSM
)2
= σ(bb¯→ HSM)S
2(d, 4)
cos2 β
. (4.4)
We can see that for the case of b-quark fusion, the production cross section is reduced
compared to the one of the Standard Model because in our benchmark points the value
of tan β is low, and the main component of the Higgs is H0u. However, the production
cross section for gluon fusion is very similar to the one of the Standard Model. Note that
in all benchmark points studied, we were interested in the production of a doublet-like
Higgs (h4 in our notation, except for the benchmark point 6 where it is the lightest Higgs
and therefore is denoted as h1). In addition, our gluinos and squarks are heavy, and as a
consequence the decay width into gluons is very similar to the one of the Standard Model.
We have used the code HIGLU [45] to compute explicitly the production cross section
of a Standard Model Higgs and the decay widths into gluons for our benchmark points,
finding that 0.75 σ(gg → HSM) . σ(gg → h4) . σ(gg → HSM). For a center of mass
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Benchmark point Cascade σ(gg → h4)×BRcascade (fb)
1 h4 → χ˜04χ˜04 → 2P2ν → 2b2b¯2ν 270
h4 → χ˜04χ˜04 → 2h2ν → 4P2ν → 4b4b¯2ν 44
2 h4 → χ˜04χ˜04 → 2P2ν → 2τ+2τ−2ν 1620
3 h4 → χ˜04χ˜04 → 2P2ν → 2b2b¯2ν 70
4 h4 → χ˜04χ˜04 → 2P2ν → 2b2b¯2ν 5860
5 h4 → χ˜04χ˜04 → 2P2ν → 2b2b¯2ν 4870
6 h1 → χ˜04χ˜04 → 2l2q2q¯ 150
h1 → χ˜04χ˜04 → 2ν2l2l¯ 80
h1 → χ˜04χ˜04 → 2ν2q2q¯ 40
h1 → χ˜04χ˜04 → 6ν 15
7 h4 → 2P → 2b2b¯ 5450
h4 → 2h1 → 4P → 4b4b¯ 460
8 h4 → 2P3 → 2b2b¯ 1660
h4 → h1h1 → 4P1,2 → 4τ+4τ− 460
h4 → χ˜04χ˜04 → 2P1,22ν → 2τ+2τ−2ν 80
h4 → χ˜04χ˜04 → 2h2ν → 4P1,22ν → 4τ+4τ−2ν 150
h4 → χ˜04χ˜04 → 2P32ν → 2b2b¯2ν 20
Table 9. Production cross section multiplied by branching ratios of the cascades, for the benchmark
points discussed in the text.
energy of 7 TeV we find that σ(gg → HSM) is about 17 − 19.5 pb and, as a consequence,
we obtain production cross sections of about σ(gg → h4) ≃ 15− 19 pb. Then, in principle
we expect that the LHC could detect the signals described in this paper except maybe
for cascades with a very small branching ratio (see table 9). For example, the cascade
described above with the largest value of the product of the cross section multiplied by the
branching ratio is the one of the benchmark point 4, h4 → χ˜04χ˜04 → 2P2ν → 2b2b¯2ν, with
a result of 5860 fb. The cascade with the smallest value of this product is the one of the
benchmark point 8, h4 → χ04χ˜04 → 2P32ν → 2b2b¯2ν, with a result of 20 fb. The study of
the detectability of these signals at the LHC with an event generator is beyond the scope
of this paper and is left for a future work.
5 Gravitino and colliders
As was mentioned in the Introduction, since R-parity is broken in the µνSSM, neutralinos
or sneutrinos, with very short lifetimes, are no longer candidates for the dark matter of
the Universe. Nevertheless, if the gravitino Ψ3/2 is the LSP, it was shown in [14] that
it could be a good candidate for dark matter, with a lifetime much longer than the age
of the Universe. There, it was also shown that because the gravitino decays producing
a monochromatic photon, the indirect detection of gravitinos in the Fermi satellite [46]
with a mass range between 0.1-10GeV is possible. Larger masses are disfavored by current
Fermi measurements.
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In this case of gravitino LSP, one should check whether or not the collider signals
studied in the previous section, are altered. In particular, the neutralino partial decay
length into gravitino and photon must be computed. For this computation we can use the
expression of the decay length χ˜04 → Ψ3/2 γ [47]. One obtains:
c τ
3/2
χ˜0
4
∼ 80 km
( m3/2
10 keV
)2 ( mχ˜0
4
50 GeV
)
−5
. (5.1)
We can easily see that in order to have a significant decay to gravitinos, the mass of the
gravitino must be very low, less than 10 keV. That is, for gravitino masses larger than
10 keV, the decay width of neutralino into gravitino and photon is much smaller than
the decay widths into Standard Model particles. Thus the collider signals studied in the
previous section are not altered.
Summarizing, we want to emphasize that in the µνSSM the gravitino could be a viable
dark matter candidate, accessible to indirect detection experiments, and without altering
the collider phenomenology described along this paper.
6 Conclusions
In this work we have studied the Higgs sector of the µνSSM focusing our attention on
collider physics. In certain regions of the parameter space, the phenomenology of the
Higgs sector in this model is very rich and different from other SUSY models. On the one
hand, the Higgs sector is extended due to the presence of left- and right-handed sneutrinos
mixing with the MSSM Higgses. On the other hand the breaking of R-parity, could lead
to signatures different from the usual missing energy.
First, we have analized the mixings in the Higgs sector of the µνSSM. Assuming three
families of right-handed neutrino superfields, one obtains eight CP-even and seven CP-odd
Higgses in the model. Although the three left-handed sneutrinos are basically decoupled
from the rest of the Higgses, the mixing between Higgs doublets and right-handed sneutri-
nos is not necessarily small. In this work we have deduced general conditions to suppress
the latter. This can be useful to obtain very light singlets avoiding collider constraints,
but also to have a doublet-like Higgs as the lightest one being as heavy as possible.
Then, we have provided an overview of new decays in the Higgs sector with respect to
other SUSY models with extra singlets like the NMSSM. Due to the extended Higgs sector,
Higgs-to-Higgs cascade decays could be more complicated, as shown in subsection 3.2. In
addition, the breaking of R-parity gives rise to new decays. LEP constraints have also been
discussed in the context of the µνSSM. For this, we have computed the couplings of the
Higgses with Z bosons and the sum rules.
Finally, in section 4 we have concentrated on Higgs decays that are genuine of the
µνSSM, and could serve to distinguish it from other SUSY models. We have provided
benchmark points that should pass current constraints and are interesting for LHC. In
particular, we have focused first our attention on the decays of a MSSM-like light Higgs
hMSSM with a sizeable branching ratio to two lightest neutralinos. These neutralinos could
decay inside the detector leading to displaced vertices. This fact can be used to distinguish
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the µνSSM from R-parity conserving models such as the NMSSM/MSSM. Let us remark,
however, that in models of gauge mediated SUSY breaking, where the gravitino is the LSP,
a displaced vertex can also be obtained depending on the lifetime of the next-to-LSP.
Besides, the decays can be into a neutrino and an on-shell light singlet pseudoscalar P ,
that subsequently decays into bb¯ (or if kinematically forbidden into τ+τ−), and therefore
the decay hMSSM → χ˜0χ˜0 → 2P2ν → 2b2b¯2ν is genuine of the µνSSM. For example, in
other R-parity breaking models such as the BRpV, there are no singlet Higgses and a
lightest neutralino lighter than gauge bosons could decay only through three-body decay
processes. However, as the final products of the cascades can be the same in both models,
it may be difficult to distinguish them experimentally. We have also seen that a final
state with 8 b-jets plus missing energy is possible in situations where singlet-like scalars
are produced first by the decay of the neutralino, and they decay into pseudoscalars,
hMSSM → χ˜0χ˜0 → 2h2ν → 4P2ν → 4b4b¯2ν.
We have also studied a case with an spectrum similar to the one of the MSSM, where
all CP-even singlet scalars are above 114 GeV , and the pseudoscalars are heavier than the
neutralinos. Then, the hMSSM will decay in a significant ratio to neutralinos, and these will
decay only through three-body processes leading to displaced vertices.
In another case the neutralino does not play an important role and only Higg-to-Higgs
cascade decays are relevant. Although displaced vertices are not expected, the decays
hMSSM → 2P → 2b2b¯, hMSSM → 2h→ 4P → 4b4b¯ are possible, allowing to distinguish the
µνSSM from other R-parity violating models. Besides, once a SUSY particle is produced
at the collider, decaying into the LSP, the displaced vertex would allow to distinguish the
µνSSM from the NMSSM.
Finally, we have studied a case where for singlet-like pseudoscalars P1,2 the decay
into bb¯ is kinematically forbidden, but for P3 is allowed. Then, several interesting cascade
decays are expected without leading to displaced vertices: hMSSM → 2h1 → 4P1,2 →
4τ+4τ−, hMSSM → 2P3 → 2b2b¯. This is a genuine feature of the µνSSM. In addition,
the following cascades are possible, with displaced vertices and missing energy: hMSSM →
χ˜04χ˜
0
4 → 2P1,22ν → 2τ+2τ−2ν, hMSSM → χ˜04χ˜04 → 2h1,2,32ν → 4P1,22ν → 4τ+4τ−2ν,
hMSSM → χ˜04χ˜04 → 2P32ν → 2b2b¯2ν.
In conclusion, the above discussion gives us the idea that extremely characteristic
cascades can be expected in certain regions of the parameter space of the µνSSM.
We have also emphasized that in the µνSSM the gravitino could be a viable dark
matter candidate, accessible to indirect detection experiments, and without altering the
collider phenomenology described along this paper. In particular, the branching ratio of
neutralino to gravitino-photon turns out to be negligible.
Let us finally remark that the collider phenomenology of the µνSSM is very rich and
peculiar, as shown here using several benchmark points, and, as a consequence, we still
need to carry out much work in the future to cover all interesting aspects of the model.
For example, although we have discussed in section 4 is some detail the detectability of the
signals at the LHC, computing the production cross section multiplied by the branching
ratios for the different cascades, the analysis with an event generator is beyond the scope
of this paper and is left for a future work.
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A Neutral scalar mass matrices
A.1 CP-even neutral scalars
The quadratic potential includes
Vquadratic =
1
2
h′αM
2
hαβ
h′β + . . . , (A.1)
where h′α = (hd, hu, (ν˜
c
i )
R, (ν˜i)
R) is in the unrotated basis, and below we give the expres-
sions for the independent coefficients of M2hαβ
M2hdhd = m
2
Hd
+
G2
4
{3v2d − v2u + νiνi}+ λiλjνci νcj + λiλiv2u , (A.2)
M2huhu = m
2
Hu +
G2
4
(−v2d + 3v2u − νiνi) + λiλjνci νcj + λiλiv2d
− 2Yνijλjvdνi + YνikYνijνcjνck + YνikYνjkνiνj , (A.3)
M2hdhu = −aλiνci −
G2
2
vdvu + 2vdvuλiλi − (λkκijkνci νcj + 2Yνijλjvuνi) , (A.4)
M2hd(eνci )R = −aλivu + 2λiλjvdν
c
j − 2λkκijkvuνcj − Yνjiλkνjνck − Yνjkλiνjνck , (A.5)
M2hu(eνci )R = −aλivd + aνjiνj + 2λiλjvuν
c
j − 2λkκilkvdνcl + 2Yνjkκilkνjνcl
+ 2YνjkYνjivuν
c
k , (A.6)
M2hd(eνi)R =
1
2
G2vdνi − (Yνijλjv2u + Yνijλkνckνcj ) , (A.7)
M2hu(eνi)R = aνijν
c
j −
G2
2
vuνi − 2Yνijλjvdvu + Yνikκljkνcl νcj + 2YνijYνkjvuνk , (A.8)
M2(eνi)R(eνj)R = m
2
L˜ij
+
G2
2
νiνj+
1
4
G2(νkνk + v
2
d − v2u)δij+YνikYνjkv2u+YνikYνjlνckνcl , (A.9)
M2(eνi)R(eνcj )R = aνijvu − Yνijλkvdν
c
k − Yνikλjvdνck + 2Yνikκjlkvuνcl
+ YνijYνklνkν
c
l + YνilYνkjνkν
c
l , (A.10)
M2(eνci )R(eνcj )R = m
2
eνcij + 2aκijkν
c
k − 2λkκijkvdvu + 2κijkκlmkνcl νcm + 4κilkκjmkνcl νcm
+ λiλj(v
2
d + v
2
u) + 2Yνlkκijkvuνl − (Yνkjλi + Yνkiλj)vdνk
+ YνkiYνkjv
2
u + YνkiYνljνkνl . (A.11)
– 26 –
J
H
E
P10(2011)020
Then the mass eigenvectors are
hα = R
h
αβh
′
β , (A.12)
with the diagonal mass matrix
(Mdiaghαβ )
2 = RhαγM
2
hγδ
Rhβδ . (A.13)
A.2 CP-odd neutral scalars
In the unrotated basis P′α =
(
Pd, Pu, (ν˜
c
i )
I , (ν˜i)
I
)
we have
Vquadratic =
1
2
P′αM
2
Pαβ
P′β + . . . (A.14)
Below we give the expressions for the independent coefficients of M2Pαβ
M2PdPd =m
2
Hd
+
G2
4
(v2d − v2u + νiνi) + λiλjνci νcj + λiλiv2u , (A.15)
M2PuPu =m
2
Hu +
G2
4
(v2u − v2d − νiνi) + λiλjνci νcj + λiλiv2d
− 2Yνijλjvdνi + YνikYνijνckνcj + YνikYνjkνiνj , (A.16)
M2PdPu = aλiν
c
i + λkκijkν
c
i ν
c
j , (A.17)
M2Pd(eνci )I = aλivu − 2λkκijkvuν
c
j − Yνjiλkνckνj + Yνjkλiνckνj , (A.18)
M2Pd(eνi)I = − Yνijλjv
2
u − Yνijλkνckνcj , (A.19)
M2Pu(eνci )I = aλivd − aνjiνj − 2λkκilkvdν
c
l + 2Yνjkκilkνjν
c
l , (A.20)
M2Pu(eνi)I = − aνijν
c
j − Yνikκljkνcl νcj , (A.21)
M2(eνi)I (eνj)I =m
2
eLij +
1
4
G2(νkνk + v
2
d − v2u)δij + YνikYνjkv2u + YνikYνjlνckνcl , (A.22)
M2(eνi)I(eνcj )I = − aνijvu − Yνikλjvdν
c
k − YνijYνlkνlνck + YνikYνljνlνck
+ Yνijλkvdν
c
k + 2Yνilκjlkvuν
c
k , (A.23)
M2(eνci )I(eνcj )I =m
2
eνcij − 2aκijkν
c
k + 2λkκijkvdvu − 2κijkκlmkνcl νcm + 4κimkκljkνcl νcm
+ λiλj(v
2
d + v
2
u)− (Yνkiλj + Yνkjλi)vdνk − 2Yνlkκijkvuνl
+ YνkiYνkjv
2
u + YνliYνkjνkνl . (A.24)
Then the mass eigenvectors are
Pα = R
P
αβP
′
β , (A.25)
with the diagonal mass matrix
(MdiagPαβ )
2 = RPαγM
2
Pγδ
RPβδ . (A.26)
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B Higgs sector couplings
B.1 Coupling between three CP-even Higgses
hδhǫhη :
λiλj√
2
[
νci
(
Π
11(j+2)
δǫη +Π
22(j+2)
δǫη
)
+ vdΠ
1(i+2)(j+2)
δǫη + vuΠ
2(i+2)(j+2)
δǫη
]
+
1√
2
λlλl
[
vdΠ
122
δǫη + vuΠ
211
δǫη
]
− 1√
2
λlκljk
[
vdΠ
2(j+2)(k+2)
δǫη + vuΠ
1(j+2)(k+2)
δǫη + 2ν
c
jΠ
12(k+2)
δǫη
]
+
√
2κljkκlbd
[
νcjΠ
(k+2)(b+2)(d+2)
δǫη
]
+
YνijYνkl√
2
[
νiΠ
(j+2)(l+2)(k+5)
δǫη + ν
c
jΠ
(l+2)(i+5)(k+5)
δǫη
]
− 1√
2
Yνijλk
[
νiΠ
1(j+2)(k+2)
δǫη + ν
c
jΠ
1(k+2)(i+5)
δǫη + ν
c
kΠ
1(j+2)(i+5)
δǫη + vdΠ
(j+2)(k+2)(i+5)
δǫη
]
+
1√
2
YνljYνlm
[
vuΠ
2(j+2)(m+2)
δǫη + ν
c
jΠ
22(m+2)
δǫη
]
+
1√
2
YνilYνjl
[
vuΠ
2(i+5)(j+5)
δǫη + νiΠ
22(j+5)
δǫη
]
− 1√
2
λlYνil
[
2vuΠ
12(i+5)
δǫη + vdΠ
22(i+5)
δǫη + νiΠ
122
δǫη
]
+
1√
2
κljkYνil
[
2νcjΠ
2(k+2)(i+5)
δǫη + vuΠ
(j+2)(k+2)(i+5)
δǫη + νiΠ
2(j+2)(k+2)
δǫη
]
− 1√
2
(Aλλ)iΠ
12(i+2)
δǫη +
1√
2
(AνYν)ijΠ
2(i+2)(j+5)
δǫη +
1
3
√
2
(Aκκ)ijkΠ
(i+2)(j+2)(k+2)
δǫη
+
g21 + g
2
2
4
√
2
[
νiΠ
(i+5)(j+5)(j+5)
δǫη + νiΠ
11(i+5)
δǫη − νiΠ22(i+5)δǫη
+vdΠ
1(i+5)(i+5)
δǫη + vdΠ
111
δǫη − vdΠ122δǫη − vuΠ2(i+5)(i+5)δǫη + vuΠ222δǫη − vuΠ112δǫη
]
, (B.1)
where b, d, i, j, k, l,m = 1, 2, 3; α, β, γ, δ, ǫ, η = 1, . . . , 8, and
Παβγδǫη =R
h
δαR
h
ǫβR
h
ηγ+R
h
δαR
h
ηβR
h
ǫγ+R
h
ǫαR
h
δβR
h
ηγ+R
h
ǫαR
h
ηβR
h
δγ+R
h
ηαR
h
δβR
h
ǫγ+R
h
ηαR
h
ǫβR
h
δγ .
(B.2)
B.2 Coupling between one CP-even and two CP-odd Higgses
hδPǫPη :
λiλj√
2
[
νci
(
Π
(j+2)11
δǫη +Π
(j+2)22
δǫη
)
+vdΠ
1(i+2)(j+2)
δǫη +vuΠ
2(i+2)(j+2)
δǫη
]
+
1√
2
λlλl
[
vdΠ
122
δǫη + vuΠ
211
δǫη
]
+
1√
2
λlκljk
[
vd(Π
2(j+2)(k+2)
δǫη − 2Π(j+2)2(k+2)δǫη ) + vu(Π1(j+2)(k+2)δǫη − 2Π(j+2)1(k+2)δǫη )
+2νcj (Π
(k+2)12
δǫη −Π12(k+2)δǫη −Π21(k+2)δǫη )
]
+
√
2κljkκlbd
[
− νcjΠ(k+2)(b+2)(d+2)δǫη + 2νcjΠ(b+2)(k+2)(d+2)δǫη
]
−λlYνil√
2
[
vdΠ
(i+5)22
δǫη + νiΠ
122
δǫη + 2vuΠ
21(i+5)
δǫη
]
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+
κljkYνil√
2
[
2νcjΠ
2(k+2)(i+5)
δǫη + 2ν
c
jΠ
(i+5)2(k+2)
δǫη − 2νcjΠ(k+2)2(i+5)δǫη + 2vuΠ(j+2)(i+5)(k+2)δǫη
−vuΠ(i+5)(j+2)(k+2)δǫη + 2νiΠ(j+2)2(k+2)δǫη − νiΠ2(j+2)(k+2)δǫη
]
−Yνijλk√
2
[
− νiΠ(j+2)(k+2)1δǫη +νiΠ(k+2)(j+2)1δǫη +νiΠ1(k+2)(j+2)δǫη −νcjΠ(i+5)(k+2)1δǫη −νcjΠ(k+2)(i+5)1δǫη
+νcjΠ
1(k+2)(i+5)
δǫη − νckΠ1(i+5)(j+2)δǫη + νckΠ(i+5)1(j+2)δǫη + νckΠ(j+2)1(i+5)δǫη − vdΠ(k+2)(i+5)(j+2)δǫη
+vdΠ
(j+2)(k+2)(i+5)
δǫη +vdΠ
(i+5)(j+2)(k+2)
δǫη
]
+
YνijYνkl√
2
[
−νiΠ(j+2)(k+5)(l+2)δǫη +νiΠ
(l+2)(j+2)(k+5)
δǫη
+νiΠ
(k+5)(l+2)(j+2)
δǫη − νcjΠ(i+5)(k+5)(l+2)δǫη + νcjΠ(k+5)(i+5)(l+2)δǫη + νcjΠ(l+2)(k+5)(i+5)δǫη
]
+
YνljYνlm√
2
[
vuΠ
2(j+2)(m+2)
δǫη + ν
c
jΠ
(m+2)22
δǫη
]
+
YνilYνjl√
2
[
vuΠ
2(i+5)(j+5)
δǫη + νiΠ
(j+5)22
δǫη
]
+
(Aλλ)i√
2
[
Π
(12(i+2))
δǫη +Π
21(i+2)
δǫη +Π
(i+2)12
δǫη
]
− (AνYν)ij√
2
[
Π
2(i+5)(j+2)
δǫη +Π
(i+5)2(j+2)
δǫη
+Π
(i+2)2(j+5)
δǫη
]
− (Aκκ)ijk√
2
Π
(i+2)(j+2)(k+2)
δǫη +
g21 + g
2
2
4
√
2
[
νiΠ
(i+5)(j+5)(j+5)
δǫη + νiΠ
(i+5)11
δǫη
−νiΠ(i+5)22δǫη + vd(Π
1(i+5)(i+5)
δǫη +Π
111
δǫη −Π122δǫη ) + vu(Π222δǫη −Π211δǫη −Π2(i+5)(i+5)δǫη )
]
, (B.3)
where b, d, i, j, k, l,m = 1, 2, 3; α, β, γ, δ = 1, . . . , 8; ǫ, η = 1, . . . , 7, and
Παβγδǫη = R
h
δα(R
P
ǫβR
P
ηγ +R
P
ηβR
P
ǫγ) . (B.4)
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